In the enzymatic hydrolysis of cellulose, several phenomena have been proposed to cause a decrease in the reaction rate with increasing conversion. The importance of each phenomenon is difficult to distinguish from batch hydrolysis data. Thus, kinetic models for the enzymatic hydrolysis of cellulose often suffer from poor parameter identifiability. This work presents a model that is applicable to fed-batch hydrolysis by discretizing the substrate based on the feeding time. Different scenarios are tested to explain the observed decrease in reaction rate with increasing conversion, and comprehensive assessment of the parameter sensitivities is carried out. The proposed model performed well in the broad range of experimental conditions used in this study and when compared to literature data. Furthermore, the use of data from fed-batch experiments and discretization of the model substrate to populations was found to be very informative when assessing the importance of the rate-decreasing phenomena in the model.
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Introduction
Production of glucose from the cellulose polymer is one of the key processing steps of producing fuels and chemicals from a lignocellulosic biomass in a biorefinery concept. Cellulose hydrolysis is performed generally by either enzymatic or chemical processes. Enzymatic hydrolysis of cellulose is characterized by the insoluble substrate and several types of enzymes that act on different parts of the cellulose chain, and the consequent degradation of the fiber and solubilization of cellodextrins and glucose. Two main groups of cellulases can be distinguished, endoglucanases and exoglucanases, which act within the cellulose chain and on the chain ends, respectively. In addition, β-glucosidase acts on soluble cellobiose and cellotriose to produce glucose. (Zhang and Lynd, 2004) Many of the factors influencing enzymatic hydrolysis cannot be quantified separately since they are interrelated and this adds challenges also to the description of the reaction kinetics. Despite this, several kinetic models for cellulose hydrolysis have been developed (Bansal et al., 2009 ).
Some models take into account the substrate morphology in a mechanistic sense (Zhang et al., 2014) or by fractal kinetics (Kostylev and The decrease in glucose production rate with increasing conversion has been observed in batch hydrolysis experiments and in resuspension experiments, in which partially hydrolyzed substrate is washed and resuspended in fresh reaction media. Some authors have attributed the decrease in the reaction rate in resuspension experiments to depend, at least to some degree, on the decrease in the adsorption of enzymes per remaining substrate amount (Bansal et al., 2012; Ooshima et al., 1983) . Similarly, (Nidetzky and Steiner, 1993) determine an optimal control profile for the temperature in a batch hydrolysis, which improved the quality of parameter estimates, especially for reaction rate constants and activation energies.
The goal of this study is to form a model that is applicable for the fed-batch operation of hydrolysis process aiming at high substrate concentration. It has been shown in previous studies that fed-batch operation can significantly reduce the overall energy and peak power consumption for agitation in a stirred tank reactor compared to batch-wise hydrolysis (Corrêa et al., 2016; Sotaniemi et al., 2016) .
Thus, this type of operation may be beneficial in an industrial process where both the power consumption and hydrolysis time are to be minimized. In addition, a fed-batch hydrolysis process with a high final solids content circumvents possible mass transfer limitations and practical issues with representative sampling in the initial stages of batch-wise hydrolysis.
In the proposed model, the substrate in fed-batch hydrolysis is discretized into subpopulations based on feeding time interval, and the rate-decreasing factors are dependent on the conversion of the subpopulation. Thus, performing fed-batch experiments should increase the information content of the experimental data that is used for model calibration and validation. The kinetic model is based on the Langmuir-type adsorption behavior of the enzyme, the reaction rate being proportional to the adsorbed enzyme concentration with competitive glucose inhibition. Different scenarios are tested to model the decrease in reaction rate with increasing conversion. In the proposed scenarios, the reaction rate is assumed to be dependent either on the decrease in enzyme adsorption, the decrease in the activity of adsorbed enzyme or both. The sensitivity of the model parameters is analyzed, the importance of the rate decreasing phenomena is assessed, and the model performance is also tested with literature data.
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2 Materials and methods
Kinetic model for hydrolysis
The following assumptions were made in the hydrolysis model. The substrate composition is structurally uniform and there is no distinction between the hydrolyzability of the amorphous or crystalline cellulose, which is in line with the current understanding of the cellulose hydrolysis with a complex cellulase system (Mansfield et al., 1999) . In addition, the non-cellulosic part of the solids (filter paper) is assumed to be inert. There is no distinction made between endo/exo -enzyme behaviors. The β-glucosidase activity of the enzyme mixture used in this study is high, and negligible cellobiose concentrations were measured during the experiments. Therefore, it is assumed that the rate of cellobiose conversion to glucose is not a limiting factor and is not included explicitly in the model. Enzyme adsorption is assumed to follow the Langmuir-type adsorption behavior, and the reaction rate is first order with respect to the concentration of enzyme-substrate complexes. These are the common assumptions of all the models formed. Additional modifications that were applied to the model in order to capture the decrease in reaction rate are discussed in detail in the later sections.
The modelling approach used in this study includes two separate models with increasing model 
Initial kinetics
In the initial stages of the hydrolysis, the effect of the rate decreasing factors related to glucose inhibition or decrease in the enzyme adsorption and adsorbed enzyme activity can be assumed to be negligible. This is a feasible assumption as in the initial stages of hydrolysis the concentration of glucose is negligible and the substrate composition corresponds to the initial composition, i.e. the substrate conversion is negligible. Based on the previously stated assumptions, the initial kinetics of enzymatic hydrolysis are described by the following equations:
where E A is the adsorbed enzyme concentration (g p l ). The concentration of the adsorbed enzyme can be calculated directly by inserting Eq. (2) to (1) and solving for E A to yield:
As stated earlier, only the small scale experimental data with approximately 30 min reaction time was used in the estimation of the parameters in the initial kinetics model (E max0 , K L and k max ). The system of ordinary differential equations (ODEs, Eq. 4-5) was solved using the ode45 solver function.
Parameter estimation was carried out by minimizing the sum of squared residuals between the model-estimated and measured glucose concentrations using a built-in function (lsqnonlin in Optimization Toolbox) for solving the following nonlinear least squares optimization problem.
where f(x j ,θ) is the model predicted glucose concentration for experiment j, x j is a vector of control variables (E tot , S 0 , t), θ is the parameter vector, y j is the measured glucose concentration for the corresponding experiment, and n exp is the total number of experiments. The sensitivity function, sensitivity matrix, and parameter confidence intervals were calculated as described in the Supplementary material.
Full model for fed-batch hydrolysis
In the fed-batch experiments, the enzyme was added in the beginning of an experiment whereas the substrate was added on multiple occasions along the reaction time. In this study, as pointed out earlier, the description of this was enabled in the model by discretizing the substrate, i.e. forming a substrate population for each substrate addition. This means that the enzyme adsorption and mass balance Eqs. (1) and (2) To account for the decrease in the adsorption capacity with increasing conversion, the value of E max was assumed to decrease as a function of conversion for each substrate population. The decrease in enzyme adsorption capacity with increasing conversion has been observed in previous studies (Bansal et al., 2012; Converse et al., 1988; Ooshima et al., 1983) . On the other hand, the decrease in the enzyme adsorption and reaction rate is negligible in the initial phase for hydrolysis at low conversions (X < 10%), and some minimum adsorption capacity is maintained even with extended hydrolysis times and conversions. Based on the previous literature results and our experimental results, the following criteria were demanded from the mathematical representation of this phenomenon. First, the amount of adsorbed enzyme per substrate does not approach zero with increasing conversion, but there is a minimum asymptotical value. Second, the decrease is not necessarily immediate at low conversion but there may be a range of conversions at which the enzyme adsorption capacity is equal to the adsorption capacity of fresh substrate. Finally, changes in E max should be continuous and differentiable. Thus, the following sigmoidal function for E max was formulated.
∋ (
where E max0 is the value estimated from the initial kinetics model and E max,min is the minimum value for the maximum adsorbed amount of enzyme, which was evaluated with
where S c,i , Acc is the mass of ith addition of the substrate (g), V is the total volume of the slurry (l), X is the substrate conversion and n Emax , k Emax and X crit are adjustable parameters. Eq. (10) is a sigmoid function with E max is at the halfway of E max0 and E max,min at X = X crit , and the steepness of the decrease in E max depends on the parameter k Emax . As can be seen in Eqs. (10) and (11) the value for E max depends on E tot , total accumulated substrate concentration and conversion of the substrate population. It is also notable that E max,i = E max0 if X i = 0 and E max,i approaches E max,min with increasing
Reaction rate for each substrate population is calculated with Eqs. (12) and (13). Equation (12) includes the inhibitive effect of glucose on the reaction rate.
where K I,G is the glucose inhibition constant. It was also assumed that, in addition to the proposed decrease in enzyme adsorption with increasing conversion, also the activity of the adsorbed enzyme decreases as described by Eq. (13). 
where n 0 and q are adjustable parameters. Eq. (13) is similar to the one proposed by (Ooshima et al., 1991) but they had factor (E A /E tot ) as the base of the relation. Based on the comparison between our experimental data and a model using the factor (E A /E tot ) as the base in Eq. (13), led to less significant decreases in reaction rate at lower initial enzyme concentrations especially in fed-batch experiments with a high substrate concentration. Thus, the glucose concentrations were overpredicted in these conditions. Therefore, we included the substrate concentration dependency in the description of adsorbed enzyme activity decrease. The modification means that the decrease in the activity of the enzymes is related, rather than to the concentration of enzyme in the solution as proposed by Ooshima et al. (1991) , to the initial maximum amount of adsorbed enzyme to the unconverted substrate. This is understandable as the equation describes unproductive binding of the enzymes and it occurs on the surface of the substrate, not in the solution. The exponent in Eq. ) is calculated as
where ρ s,bulk is the bulk density of solid substrate (g l -1
) to account for increased slurry volume due to added substrate. The following equations describe the substrate mass balance for each substrate addition population (15) , total accumulated amount of substrate for each addition (16) , overall glucose concentration (17) and total volume (18) .
where the value of 0.9 accounts for the imbalance between the molar weights of cellulose and glucose in the hydrolysis reaction (i.e. 
where k Ads is the adsorption rate constant. A similar approach to adsorption rate dynamics was used by (Shao et al., 2009) ) to ensure reaching fast the steady-state for E A,i . By solving the model described above, we obtain the overall glucose concentration in the whole slurry volume. However, the measured glucose concentrations from the experiments are available only for the liquid phase. Therefore, the calculated values were converted to the liquid phase glucose concentrations with:
where S s is the concentration of total solids (g l 
where w j is the weighing factor for experiment j. Weighting factors were calculated based on the total number of measurements in the experiment (n m,j ) and the final glucose concentration of the experiment (y j,nm,j ). The multipliers 6 < In addition to the above presented model, reduced form of the model was used to fit the data to see if some of the rate-decreasing phenomena (adsorbed enzyme activity, enzyme adsorption or glucose inhibition) could be omitted. F-ratio test was used to compare the full and reduced models with lower number of adjustable parameters in a similar manner as (Scott et al., 2015) . For model 2 (full model) and 1 (restricted model) with p 2 > p 1 number of parameters, the F-statistic can be calculated as 
where n meas = 104 is the total number of measurement in all experiments used in the parameter estimation. Critical value for F-statistic can be calculated from the inverse of cumulative Fdistribution with p 2 -p 1 and n meas -p 2 degrees of freedom. False detection probability of 0.05 was used in this work. In the F-test, null hypothesis is stated so that the more complex model (the full model) does not provide significantly better fit than the simplified model. The null hypothesis is rejected if the calculated F-statistic is larger than the critical value.
Experimental methods
All hydrolysis experiments were carried out in a 50 mM sodium citrate -citric acid buffer. The measured pH of the buffer was 4.8. Qualitative filter paper, 600 (VWR International Europe BVBA, Belgium) was used as the substrate, and the cellulose content was measured to be 79% by the method described in (Sluiter et al., 2012) . Flashzyme TM Plus 2G (Roal Oy, Finland) was used as the enzyme mixture, and the filter paper activity of the enzyme mixture is 111 FPU/ml and the cellobiase activity is 450 CB/ml (Sotaniemi et al., 2016) . The protein concentration of the enzyme mixture was estimated to be 208 g/l by A280 assay of Nanodrop spectrophotometer (Thermo Scientific, US).
Hydrolysis experiments in small-scale
The small-scale hydrolysis experiments were conducted in 2 ml centrifuge tubes with a total suspension volume of 1.6 ml. Substrate was weighed to pre-weighed tubes, then the buffer solution was added to each tube and finally the tubes were placed to a heater-shaker (Thermomixer Comfort, Eppendorf, Germany) to reach the reaction temperature (50 °C). After at least 10 minutes of 14 incubation, enzyme was added to each tube to start the reaction. No samples were drawn from the tubes due to the small volume but tubes with identical initial volumes and compositions were prepared to allow forming a series of measurements with different reaction times. After reaching the end of the reaction time, the corresponding tubes were placed to boiling water for 10 minutes to inactivate the enzymes, then cooled down with ice and centrifuged for 5 minutes at 16000 rcf.
Supernatant was removed for glucose analysis with YSI2700 biochemistry analyzer (Yellow Springs Instruments, US), and samples were diluted with the reaction buffer if necessary.
In order to estimate the values for parameters that affect the initial kinetics, hydrolysis experiments with a 30 min (± 1 min) reaction time were used to calculate the initial glucose release rate. These experiments were run in triplicates, and the initial enzyme and substrate concentrations used in these experiments are shown in Figure 1a . Batch hydrolysis experiments with a longer reaction time calculated on the basis of the total amount of added solids.
Fed-batch hydrolysis in reactor
Fed-batch experiments were carried out in a 3 liter stirred tank reactor (Applikon Biotechnology B.V., Netherlands) equipped with a heating jacket to allow maintaining a constant temperature of 50 °C. The reactor diameter was 13 cm and a down pumping pitched blade impeller with a diameter of 5.9 cm was used for mixing at impeller revolution rates of 300, 400 or 500 rpm. More detailed information of the reactor system can be found in (Sotaniemi et al., 2015) .
Prior to starting a fed-batch experiment, the reactor was filled with 800 ml of the buffer solution 3 Results and discussion
Model parameter estimation 3.1.1 Initial kinetics
The data from the small scale hydrolysis experiments with a reaction time of 30 minutes were used to fit the parameters (E max , K L and k max ) in the model describing the initial kinetics without rate decreasing factors (Eqs. (1) - (6)). The estimated parameters with 95% confidence intervals are presented in ). A contour plot of the model-estimated initial glucose release rates is presented in Figure 1a .
The highest glucose release rate during the first 30 minutes is estimated when both the enzyme dosage and the initial substrate concentration are high, as would be expected. Similarly, low release rate was estimated when either or both of the variables are low. Thus, the model used for initial kinetics description appears to give qualitatively feasible trends. The quantitative analysis of the model can be viewed from a parity plot of calculated vs. measured glucose release rates in Figure   1b . The initial glucose release rate calculated by the model is close to the measured values throughout the investigated domain, and the R 2 -value is 0.97.
The value of the objective function and the estimated correlation coefficients for the three parameter pairs is presented in Figure 2a -c. An additional assessment for the parameter estimation was carried out by Monte Carlo simulations (MC) in which the parameters were estimated for 1000 dat a set s generated f rom the act ual experi mental dat a. A random num ber fr om a nor mal distribution with mean and variance estimated from the experimental data was used in the MC p a r a m e t e r e s t i m a t i o n f o r e a c h e x p e r i m e n t a l p o i n t p r e s e n t e d i n F i g u r e 1 a . Table 1 ). The confidence interval from MC-simulation for E max,0 is wider than estimated from the parameter estimation, while it is tighter for k max and, especially, K L . Thus, we can conclude that although some of the parameter pairs are to some degree correlated, they have significance on the model predictions. In addition, the values of the initial kinetics parameters have been identified well.
Finally, the validity of the assumption of negligible rate decreasing factors during the first 30 minutes was evaluated by using the full model, described in the next section, to predict the glucose concentrations in the experimental conditions of the initial kinetics studies. The deviation between the glucose concentrations estimated by the initial kinetic model and the full model was small as can be seen in Figure 1b . The maximum difference in the glucose concentrations calculated by the two models was 3%, the average difference being less than 1%. Therefore, the approach to estimate parameters separately for the initial kinetics and full model can be considered adequate.
Full model
For the fed-batch hydrolysis, different scenarios of the proposed model were tested in order to assess the significance of the rate-decreasing factors (glucose inhibition, decrease in the enzyme adsorption per substrate, and decrease in the adsorbed enzyme activity). In addition, the significance of the substrate discretization to multiple substrate populations was assessed by comparing the results of the model with and without the discretization. When only one substrate population was applied to describe an experiment with multiple substrate additions (not discretized case), the fed-batch model was modified to enable this. In this modification, the substrate conversion (X i ) in equations (11) and (13) was calculated using the overall conversion of the substrate. In total eight small scale batch experiments, six small scale fed-batch experiments, and three reactor scale fed-batch experiments were used in the parameter estimation. The substrate feeding in all reactor scale fed-batch experiments used in the estimation was the same. The substrate feeding was performed by maintaining the stirring power at a constant level during the feeding phase.
The estimated parameter values are presented in Table 2 . Simplified models A, B and C are the models omitting the decrease in adsorbed enzyme activity, decrease in the enzyme adsorption capacity, and glucose inhibition, respectively. As the maximum glucose concentration in the experiments was approximately 100 g/l, the glucose inhibition in equation (12) becomes negligible when K I,G is fixed to a large value and hence K I,G = 10 6 g/l was used for the simplified model C. For the simplified models A and B, the corresponding parameters for omitted phenomena were set to
zero.
An additional assessment of the parameter quality was carried out for the full model with similar
Monte Carlo calculations as with the initial kinetics model. Similar estimation scheme (genetic algorithm followed by a derivative-based method) was used as in the actual parameter estimation, and 50 sets of parameter values near the previously estimated values (shown in Table 2 
Hydrolysis kinetics using the full model
After estimating the parameters linked to the rate-decreasing factors, the fit of the full model to different types of batch and fed-batch experiments both in small and reactor scale are investigated. The duration of the feeding phase in the experiments was in the range of three to five hours, the shortest feeding time being for the experiments with the highest enzyme dosage. As the hydrolysis proceeds, the fiber structure is disintegrated and also the solids concentration decreases, thus lowering both the viscosity of the slurry and the power required for mixing at a constant agitation rate. This allows higher feeding rate with higher enzyme dosage.
The previous examples are with the data used for parameter estimation. In order to assess the model response to rate decreasing factors in hydrolysis with a high solids loading, an additional experiment was conducted by performing a substrate addition also at 26 hours, significantly after the initial feeding phase. This experiment is shown in Figure 3f . The model response to the substrate addition at 26 hours is good although it seems to overpredict the increase in the reaction rate after the fir st f ew hour s w her eas t he final incr ea se in the gl uco se co nce ntr at ion at 48 hour s is underpredicted. A similar trend can be observed in the small scale fed-batch experiments in Figure   3c -d as the model-predicted glucose concentration is higher compared to the measured value at 26.5 hours for the substrate addition at 24 hours.
One explanation for this sort of behavior could be in the kinetics of cellulase adsorption. The model assumes immediate equilibrium in the enzyme adsorption, described by the Langmuir adsorption 20 isotherm. However, it may be that the observed delay in the increase of the reaction rate after substrate addition is due to the adsorption kinetics of the enzyme. (Eriksson et al., 2002 ) used pure enzyme preparations of exoglucanase (Cel7A) and endoglucanase (Cel7B) to study the effect of enzyme and substrate additions after 24 hours of hydrolysis of steam pretreated spruce with exoglucanase. The addition of substrate at 24 hours increased the glucose production rate although the initially added exoglucanase was almost completely adsorbed to the remaining substrate. Thus, a fraction of the adsorbed enzymes, exhibiting rather low catalytic activity after 24 hours, were desorbed from the initial substrate and adsorbed to the fresh substrate. This sort of behavior may be a reason for the observed delay in the glucose production after the substrate addition in our experiments. It should be noted that the enzyme concentrations and the enzyme-substrate ratios used by (Eriksson et al., 2002) were low, and the measured glucose concentrations were less than 1 g/l meaning conversion below 10%. Thus, the reaction conditions were different compared to our experiments with relatively high concentration of both substrate and enzyme.
Fed-batch experiments and the corresponding model description give insight on the rate decreasing factors observed in enzymatic hydrolysis of cellulose. It is evident that, despite the gradual decrease in the reaction rate with increasing conversion, enzymatic activity remains high during the fed-batch experiments up to 48 hours. Thus, the reaction rate of the fresh substrate is comparable to the reaction rate of the initial substrate. As a whole, the model is capable of predicting qualitatively the behavior, but there are still challenges in the quantitative predicting capabilities. Nevertheless, the differences between the model predicted and the experiment observed glucose concentration values are not large considering the wide range of operational conditions used in the experiments.
An overall view of the model fit can be seen from the parity plot in Figure 4 , which shows the measured and model predicted glucose concentrations for all experimental points including those that were not used in the parameter estimation. Glucose concentrations predicted by the model are mainly within 15 % of the measured values. The few exceptions are from the initial phase of some fed-batch experiments.
In order to assess the model performance outside our own experimental system, the model was used to predict hydrolysis data from the literature with similar raw materials and enzyme. The data 
Simplified models
Although the full model fitted the experimental data well and showed good predicting capabilities w h e n t h e s i m u l a t e d v a l u e s w e r e c o m p a r e d w i t h l i t e r a t u r e d a t a , i t m a y s u f f e r f r o m o v e r parametrization and exhibit rate-decreasing factors that have less significance than the others. The significance of the different rate-decreasing factors can be investigated by using the simplified models shown in Table 2 . Furthermore, the shape of the curve seems improbable as the initial rate is quite high without significant decrease until a rapid decrease over a short period of time.
Thus, the rate of decline predicted by the model is higher than in any of the performed experiments of this study. After this, the rate remains almost constant. This is due to the high value of k Emax (44), which causes the value of E max in Eq. (10) Table 2 . The calculated F-statistics are larger than the critical value, and the null hypothesis can be rejected for all simplified models. That is, the full model does provide better fit compared to the simplified models.
Based on the combined data of the batch and fed-batch experiments, the simplified model C with no glucose inhibition performs best of the simplified models. It also has the lowest F-value although it still larger than the critical value. The largest deviation for the simplified model C is in the batch experiment with a high enzyme dosage, in which the final predicted glucose concentration is lower than the measured value. The full model predicts the hydrolysis kinetics with a higher accuracy than the simplified model C. Thus, all the rate-decreasing factors appear to have significance in the investigated conditions, but the glucose inhibition seems to have the least significance on the hydrolysis kinetics. This is in line with the parametric studies, in which K I,G was found to have low sensitivity.
Model with a single substrate population
In addition to the rate-decreasing factors, the full model includes the discretization of the substrate based on the addition time. The feasibility of this approach is investigated by comparing the full model with and without the discretization. In the full model with separate substrate populations, conversion of the each substrate population is calculated separately and, therefore, the rate-decreasing factors related to substrate conversion are calculated individually for each substrate population. Instead, the model with no substrate discretization and a single substrate population uses the overall conversion in the calculation of the rate-decreasing factors. A comparison of the full model with and without discretization is shown in Figure 6d -f for small scale and reactor scale fed-batch experiments.
The model with no substrate discretization predicts less significant increase in the glucose production rate than the model with substrate discretization when new substrate is added. The difference between the two models becomes most evident in the fed-batch experiment with an addition at 26 hours (Figure 6e-f) . The last addition has practically no effect in the glucose concentration profile predicted by the full model without discretization whereas a significant increase in the glucose production rate is predicted by the full model with discretization. The difference between the model predictions can be viewed more in detail from Figure 6f in terms of substrate conversion.
As can be seen in Figure 6f , the overall conversion calculated on the basis of the total amount of substrate added decreases from 39 % to 34 % due to the addition of substrate at 26 hours with both models. This has only minor effects in the magnitude of the rate-decreasing factors in Eqs. (10) and (13) . Thus, the predicted increase in glucose production rate is small. However, the addition of fresh substrate at 26 hours has a large effect on the glucose production rate in the full model in which the rate equation is evaluated separately for each substrate population. Although the effect of additions is significantly underestimated by the full model without discretization, the predicted glucose concentrations in the beginning of fed-batch hydrolysis are still very similar to the ones of the full model.
Based on Figure 6d -f, the discretization of the substrate into multiple substrate populations improves the prediction capabilities of the model qualitatively and quantitatively especially when the added substrate amount is low in comparison to the substrate already present in the reactor but large enough to cause a significant increase in the glucose production rate. Furthermore, these results further emphasize that there is still significant amount of active enzyme after 24 hours even though the reaction rate of the initially added substrate has already decreased significantly and the conversion of the initially fed substrate is still relatively low. Thus, both the substrate discretization and the proposed rate-decreasing factors have an impact on the kinetics, the relative importance being dependent on the process conditions and feeding schedule.
It is evident that the sensitivity of the model with respect to the parameters changes with time in a dynamic system. Furthermore, the rate-decreasing phenomena are dependent on the substrate conversion, and the sensitivity is also strongly affected by the feeding schedule. This study focused mainly on formulating a model to be used for a fed-batch hydrolysis with a short feeding phase in the initial phase. However, a more detailed dynamic sensitivity analysis of the model could be used to plan experimental conditions to increase the information content of the experiments and help to elucidate the effect of the proposed rate decreasing phenomena.
Conclusions
The model describes first order reaction of the adsorbed enzyme, and the substrate is discretized based on the addition time for a fed-batch process. Adsorption parameters and the activity of the adsorbed enzyme are affected by the substrate conversion. The model is applicable for the description of a broad range of operating conditions, and it also predicted well hydrolysis data from the literature. Model parameter estimation and sensitivity analysis were carried out successfully.
The use of non-constant control variables in experiments is a potential approach to increase the information content of the experiments and reliability of the model. glucose (g/l) conversion (-)
Tables
